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CHAPTER I

INTRODUCTION

Sepsis

is

a

common

and

complicated

syndrome

patients in intensive care units in hospitals(!).

among

It is not

a single disease; several etiologic factors may contribute to
it. The clinical symptoms and signs may be recognized well
before the results of cultures of body fluids for bacteria are
available.
etiologic
posi tive
bacteria

Although
factors

bacteria,

sepsis

may

including
fungi,

be

both

and

caused

by

gram-negative

viruses,

the

different
and

gram-

gram-negative

have been shown to be the most frequent causative

agents in hospitalized patients (2). In spite of the use of
antibiotics and advances

in critical care medicine,

gram-

negati ve sepsis results in a mortality rate of 20-50%.
The most
induced
changes

sepsis

striking
are

observed

carbohydrate,

changes

in

the

metabolic

during

sepsis

protein,

and

gram-negative
disturbances.
include

lipid

bacteria
Metabolic

alterations

metabolism(4).

in
The

characteristics of carbohydrate metabolism in sepsis include
an

initial

hyperglycemia

followed

by

hypoglycemia

and

accompanied by increased glucose utilization(78).

Although

basal muscle glucose utilization

insulin-

is

increased

stimulated muscle glucose utilization is often depressed in
the septic state(78). Alterations in glucose utilization may

2

be due to changes in certain rate-limiting enzymes, especially
pyruvate

dehydrogenase(PDH)

kinase(PFK) (78).

As

for

and

protein

phosphofructose

metabolism,

there

is

inhibition of skeletal muscle protein synthesis in sepsis(6)
and

increased

rats (7).

The

muscle

protein

intracellular

degradation

signals

in

endotoxemic

responsible

for

these

metabolic alterations remain unresolved. Some investigators
have proposed that elevated intracellular calcium plays an
important role in this alteration(ll),

although the exact

mechanism is still controversial(l7, 28).
It has been suggested that intracellular H+ functions as
a synergistic messenger and serves to integrate metabolic
activities mediated by other messengers(67).

Portoles et

al. (8) reported a decrease in intracellular pH in isolated rat
hepatocytes
reports

exposed to

have

Escherichia

related

altered

coli

endotoxin.

calcium

fluxes

Some
to

the

intracellular pH change(8). Most of these experiments were
carried out using
This

study

non-skeletal muscle tissue or
was

designed

to

cell lines.

investigate

changes

in

skeletal muscle intracellular pH, and the relationship between
the intracellular pH and ca 2 +

alterations during sepsis in

rats.

changes

The

intracellular

pH

were

estimated

by

quantitating the uptake of an intracellular pH marker, 14 cbenzoic
ca2+

acid, by skeletal muscle. The administration of the
channel blocker,

measurements

dil tiazem,

of 14c-benzoic

to animals

followed by

45 ca 2 +

uptake by

acid and

3

skeletal muscle, was used to assess a relationship between
intracellular pH and ca2+.

CHAPTER II

LITERATURE REVIEW

A. Protein metabolism in skeletal muscle during sepsis
The metabolic
marked

changes

responses

to

sepsis

or

trauma

include

in skeletal muscle protein metabolism and

nitrogen balance with a

resultant muscle wasting.

increased net protein degradation is a

Indeed,

prominent metabolic

disturbance in skeletal muscle in sepsis(lO, 11). Hasselgren
and Fischer et al. ( 13)

found that proteolysis in isolated

soleus muscles was increased by 36% at 8 hours and 42% at 16
hours after cecal ligation and puncture (CLP) . In contrast, in
isolated

extensor

digitorum

longus

muscle(EDL)

protein

breakdown was not significantly increased until 16 hours after
CLP.

No significant differences in protein synthesis were

found between septic and control rats.

Vary and Siegel(6)

reported inhibition of skeletal muscle protein synthesis, in
vivo,

during intraabdominal sepsis induced by implantating

fecal-agar

pellets

containing

both

Escherichia

coli

and

Bacteroides fragilis into the abdomens of rats. Measuring the
release of tyrosine and 3-methylhistidine as
breakdown

of

tissue

protein
4

and

indicators of

myofibrillar

protein,

5

respectively,

Hasselgren et al.

reported that the rate of

tyrosine release was increased with sepsis by 58%, but the
corresponding figure for 3-methylhistidine was 103% ,
indicated

a

preferential

breakdown

of

which

myof ibrillar

protein{l3).

B. Potential mechanisms of protein breakdown during sepsis
No single factor solely contributes to
protein breakdown in sepsis.
major role
animal

in

models

Different factors may play a

increased protein degradation
of

sepsis

the increased

and under different

in different
experimental

conditions.
Goldberg and Baracos reported that prostaglandin E 2 (PGE 2 )
is an important

regulator of muscle proteolysis ( 11) . They

incubated rat skeletal muscles with arachidonate and found
increased protein breakdown and a shift in protein balance to
a

more

negative

state.

Aspirin and

indomethacin markedly

reduced this proteolytic effect. In contrast, the experimental
results of Hasselgren et al. do not support a role for PGE 2 in
the

accelerated muscle proteolysis in the CLP model; addition

of indomethacin to the incubation medium reduced PGE 2 release
from both septic and nonseptic muscles, however, the muscle
protein breakdown rate was unaffected(21). The importance of
interleukin l(IL 1) in increasing protein breakdown was also
investigated by Goldberg et al.(11). They incubated the rat
soleus muscle at 37

°c

with purified human IL 1, and found

6
that

the

IL 1

stimulated net protein degradation by 66-

118% ( 11). Although IL 1 increased proteolysis dramatically, it
did not reduce overall protein synthesis
In addition,

in the muscles ( 14) .

IL 1 dramatically stimulated the synthesis of

PGE 2 in muscle. Addition of indomethacin with IL 1 prevented
PGE 2

synthesis

breakdown.

and

prevented

the

increase

in

protein

Thus IL 1 acts directly on skeletal muscle to

increase the production of PGE 2 and thereby promotes protein
catabolism. IL 1 may also act on the hypothalamic center to
initiate fever and thus further augment protein breakdown ( 11) .
Tumor
macrophages
increased

necrosis
during
protein

factor(TNF)
sepsis

was

which

reported

breakdown(ll).

is
to

However

secreted

by

contribute

to

Hall-Anger

and

Fischer(15), studying extensor digitorun longus(EDL) muscles
incubated with TNF, reported that TNF did not increase muscle
protein turnover rate.

When TNF was administered together

with corticosterone, total and myofibrillar protein breakdown
rates were

increased.

Fischer et al. (15)

found that when

corticosterone alone or in combination with TNF was injected
into

adrenalectomized

rats,

TNF

did

not

increase

plasma

corticosterone levels or muscle protein breakdown rates. They
suggested

that

muscle

catabolism

induced

by

in

vivo

administration of TNF is mediated by glucocorticoids.
The effects of catabolic hormones on protein turnover and
amino acid uptake have also been investigated. Infusion of the
catabolic hormones(glucagon,epinephrine and cortisol) for 16

7

hours resulted in elevated plasma glucose and lactate levels,
reduced plasma concentration of most amino acids,

and in

accelerated protein breakdown(l6). The catabolic hormones did
not reduce muscle protein synthesis and amino acid uptake -processes which are probably signaled by other substances
and/or mechanisms.
In the cecal ligation and puncture (CLP) model, Hasselgren
and

Dimlich

activity

found

of

an

approximately

myofibrillar

50%

proteinase,

increase
a

in

the

nonlysosomal

proteolytic enzyme, and an approximately 30% increase in the
activity of cathepsin B, a lysosomal proteinase. Treatment of
septic rats with the mast cell degranulating compound 48/80 or
the lysosomal protease inhibitor,
reduced

the

myofibrillar

leupeptin,

proteinase

and

significantly
cathepsin

B

activities, but did not affect protein breakdown rates. They
suggested that increased protein breakdown in septic skeletal
muscle may be associated with but not caused by myofibrillar
proteinase or cathepsin B activity(l7). Some physical factor,
such as elevated temperature has been implicated in
degradation ( 18) .

At the molecular level,

protein

the influence of

sepsis on transcription of myof ibrillar protein in skeletal
muscle was studied in rats(l9). In the CLP model, 16 hours
later, the muscle levels of mRNA for myofibrillar protein were
determined by using cDNA probes specific for transcripts for
alpha-actin and myosin heavy chain. Sepsis resulted in a 2-6
fold decrease in alpha-actin mRNA level and an even more
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pronounced

reduction

in

myosin

heavy

chain

mRNA

level;

however, the changes in mRNA levels may be the result of other
contributing factors instead of the cause of these
changes.
In earlier work using a rat muscle preparation,

the

insulin-induced inhibition of proteolysis decreased in the
presence of plasma from injured patients.

But the work of

Mitchell and Norton(20) found that insulin reduced degradation
an

average

of

6%

in

soleus muscle

and

10%

in

extensor

digi torum longus muscle (EDL) incubated in normal plasma, which
is not different to the 10% in soleus and 8% in EDL incubated
in septic rat plasma.

c. The role of calcium in septic injury
Calcium is an important intracellular second messenger in
mediating metabolic changes and ca 2+ dyshomeostasis in septic
states has been extensively investigated. Sayeed et al.(22,
23)

reported that

intracellular exchangeable

calcium was

increased in hepatocytes in endotoxic shock; but the response
of hepatocytes to epinephrine(NE) stimulation was impaired .
The epinephrine-induced cytosolic ca 2+ increase was less than
in the control condition. In vascular smooth muscle, Litten
and Roth(24) reported that calcium influx was unaltered under
basal conditions, but that the abilities of norepinephrine (NE)
to augment influx and efflux were significantly depressed

in

rat aorta during sepsis. They suggested that the decreased
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influx and efflux in response to NE may be related to the
depressed aortic contractility observed in sepsis.
In cardiomyocytes, some studies showed that there was
deranged calcium uptake by sarcoplasmic reticulum, which may
contribute to the damaged cardiac relaxation and filling. In
contrast,

McDonough (25)

reported

that

in

the

early

hyperdynamic stage of sepsis, the rate of uptake of 45 ca 2 + by
sarcoplasmic
control,

but

reticulum(SR)
in

fact

was

was

not

depressed

elevated.

The

compared

maximum

to

calcium

accumulation by SR and calcium-stimulated ATPase activity were
similar in both control and septic hearts.
In skeletal muscle, several observations have suggested
an important metabolic role for calcium-activated protease in
muscle

protein

Etlinger(26)

breakdown.

For

example,

Kameyama

and

showed that treatment of muscles with calcium

ionophore, A23187, increased protein breakdown. The calcium
ionophores,

A23187

and

ionomycin,

increased

overall

proteolysis by 50-100% without any significant alteration in
protein synthesis(27). This effect may reflect

an activation

of a calcium-activated protease(28, 29, 30); although calcium
also influences many other cell enzymes(e.g. protein kinases).
Because dystrophic and denervated muscles contain high levels
of calcium, a stimulation of proteolysis by increased calcium
under these conditions has been emphasized(Jl). In control
muscles not treated with ionophores, a lack of calcium in the
extracellular

medium

decreased

protein

breakdown

by

20-

10
30%(27),

and

also

prevented

the

stimulation

of

protein

catabolism by PGE 2 and arachidonate. One of the interesting
findings by Goldberg et al. (27) was that the calcium-activated
protease (CAP) was not essential for the activation of protein
breakdown

by

ionophores.

They

found

that

the

sulfhydryl

blocking agent, mersalyl, could completely inactivate the CAP
in the incubated muscles without reducing overall protein
breakdown. Furthermore, in the mersalyl-treated muscle, A23187
stimulated proteolysis.
which

inhibit

By contrast,

cathepsin

B in

the

leupeptin and Ep-475,
muscle,

decreased

the

stimulation of proteolysis by the calcium ionophores, just as
they reduced the response

of muscle to

PGE 2 .

Thus,

they

suggested that the increased proteolysis induced by calcium,
like that by PGE 2 , occurred within the lysosomes.
Westfall

and

Sayeed(33)

bacteria(Escherichia coli)

used

an

injection model,

intraperitoneal
and found that

bacteremia had no effect on steady-state exchangeable calcium,
but it significantly reduced the time required to reach halfmaximal

uptake

compared with controls.

This

suggested an

enhanced rate of inward calcium movement in bacteremic rat
muscle. Results similar to those observed in bacteremic rat
muscle

were

reported

by

Borle

et

al. (34),

who

showed

a

decrease in the time to half-maximal calcium uptake without a
change in steady-state exchangeable calcium content in monkey
kidney cells treated with metabolic

inhibitors.

Borle(34)

postulated that an initial decrease

in calcium uptake by
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cellular organelles resulted

in elevated cytoplasmic

free

calcium, and increased intracellular calcium was responsible
for the stimulation of inward calcium movement across the
plasma

membrane.

stimulated

Increased

calcium

influx

cytosolic
via

an

free

calcium

intracellular

then

sodium-

dependent and ATP-dependent mechanism in excitable cells(35).
In the endotoxemic model, an increase in skeletal muscle
exchangeable calcium was found(36). Although endotoxic injury
has some features in common with bacteremia, endotoxic animals
exhibit cardiovascular and metabolic changes over a shorter
period

of

time

compared

to

bacteremic

animals(37).

One

characteristic of the calcium alteration in bacteremic rats is
that diltiazem could prevent the increased inward movement of
calcium (33). Studies of ischemia-induced injury suggest that
calcium blockers protected cardiac tissue against injury when
the cardiac cell plasma membrane calcium channels were in the
activated state(38).

D. Intracellular pH changes during sepsis
Many
substantial

workers

have

demonstrated

intracellular

pH

that

changes

cells
with

undergo

metabolic

transitions occurring during differentiation and growth. They
have suggested that the pH change plays a role as an effector
of metabolic integration(39).
Moore

et

al. ( 4 O) ,

using

oxazolidinedione), a weak acid,

DMO ( 5, 5-dimethyl-2, 4-

measured the intracellular

12
pH(pHi)

changes

in

frog

skeletal

muscle,

and

found

that

insulin alkalinized the intracellular pH by 0.1-0.2 pH unit.
They indicated that the changes in pHi by insulin was due to
activation of the Na+;H+
insulin

may

kinase(PFK),

affect
the

exchange system. The pHi change by
the

activity

rate-limiting

of

enzyme

of

phosphofructose
glycolysis,

and

thereby affect the rate of insulin-dependent glycolysis.
L'Allemain

and

intracellular pH

Pouyssegur(41)

in G0/G 1

fibroblasts(CC139)

measured

-arrested Chinese

changes
hamster

treated with the growth factors,

of
lung

alpha-

thrombin and insulin. They used the equilibrium distribution
of benzoic acid, and found an increase in cytoplasmic pH by
0.2-0.3 pH unit upon addition of the growth factors. However,
CC139-derived mutant cells,
activity, were
to

growth

lacking the

unable to regulate pHi

factors

by

cytoplasmic

Na+ /H+

exchange

and did not respond
alkalinization.

They

suggested that cytoplasmic alkalinization after addition of
growth factors is Na+ -dependent and sensitive to amiloride,
the

Na+;H+

antiport inhibitor(41).

There are a number of experimental results that indicate
a major role of intracellular pH in controlling the
protein synthesis(42,

43).

Winker et al. (44)

rate of

measured the

influence of changes in intracellular pH on the synthesis of
proteins

in

sea

urchin

buffers to maintain

ca 2 +

eggs.

They

used

ca2+_Mg2+_EGTA

at low level, and measured

rate of

3H-valine incorporation as an indicator of protein synthesis
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at

varying

pHi.

At

a

pHi

incorporation was very low,

of

6.9

the

rate

of

valine

almost close to zero.

As the

intracellular pH increased, the rate of valine incorporation
was also increased. The optimum pHi was 7.40 at which the
incorporation rate was highest. At higher pHi, the rate of
valine incorporation began to decrease.
England and Mitch et al. (45, 46) also reported the effect
of intracellular pH on protein degradation and synthesis. They
used the BC 3 H1

myocytes, which have characteristics of both

skeletal muscle and smooth muscle. The intracellular pH was
determined by the measurement of cellular uptake of benzoic
acid.

The pHi was varied by altering extracellular pH. They

found that both protein degradation and protein synthesis were
decreased at a lower pH range. This response was associated
with intracellular acidification and was blunted by insulin
but not affected by glucocorticoids.
Some products of arachidonate metabolism also influence
the intracellular pH.
leukotriene B4

sumimoto and Minakami(47)

found that

induced a biphasic change in the cytoplasmic

pH of human neutrophils -- an initial rapid acidification
followed

by

an

alkalinization.

evaluated pHi changes in sepsis.
Portales et al. (8)

Only
In

reported that the

a

few

reports

have

cultured hepatocytes,
intracellular pH of

Escherichia coli endotoxin-treated hepatocytes was lower than
the controls.
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E. The relationship between intracellular pH and calcium
A discussion of intracellular pH requires considering the
intracellular calcium. There are membrane transport systems
which regulate

pHi,

intracellular H+

such as

the Na+ /H+

antiport.

The

buffering systems also play a role. The

mechanism underlying changes in intracellular pH and calcium
are not entirely understood, but it is

apparent that many of

the conditions which affect one of these

also modify the

other ( 52) . Siffert and Akkerman ( 53) reported that experimental
alkalinization of the cytosolic compartment induced calcium
uptake

across

the plasma membrane

of

endothelial

cells,

lymphocytes, and smooth muscle cells. Furthermore, inhibition
of Na+;H+ exchange reduced calcium influx. In cardiac muscle,
increased intracellular pH increased the calcium release from
intracellular sources, and increased the affinity of troponin

c with calcium(54).
Nakanishi and Takao(56) reported that during respiratory
acidosis, myocardial diastolic and systolic calcium increased,
and intracellular pH decreased. These changes corresponded
with acidosis-related damage in cardiac function. Portoles and
Pagani ( 8)

found increased intracellular calcium and decreased

intracellular

pH

in

isolated

and

cultured

hepatocytes

incubated with Escherichia coli endotoxin(lOO microgram/ml).
Rosoff et al. (57) used the chemically transformed murine
pre-B lymphocyte cell line 70Z/3 as a model system for the
study of the initiation of cellular differentiation.

They

15

reported

increased intracellular

calcium and intracellular

pH in 70Z/3 cells exposed to LPS(lO microgram/ml).

In this

experiment, they suggested increased intracellular calcium may
stimulate the sodium-hydrogen exchange system and contribute
to

the

increased

intracellular

pH.

There

is

no

data

specifically showing the potential relationship between the
intracellular calcium and pH

of skeletal muscle in a

septic

animal model.

F. Septic animal models
There are several animal models of sepsis available for
the study of sepsis and mechanisms of its pathogenesis. One of
these

models

is

the

endotoxicosis

model.

This

involves

intraperitoneal or intravenous injection of a high dose of
LPS(5-20 mg/Kg) without any supportive therapy. Some of the
advantages of using LPS are: 1) LPS is a stable and purified
compound, and 2) LPS may be stored in a lyophilized form. But,
there are some questions about the clinical
endotoxicosis.

relevance of

Clinical studies failed to show significant

blood elevations of endotoxin in more than half of patients
with documented gram-negative sepsis (59).

Endotoxin lethal

dose of gram-negative bacteria is in the microgram range, but
the dose in milligram range is needed to produce endotoxin
shock in animals(60). Human volunteers rendered tolerant
LPS by repeated injections still manifest

to

signs of fever

and the acute syndrome when infected with viable gram-negative

16
organisms{61).
There are also some models in which sepsis is induced by
inoculating animals with

bacteria. In one such model, live

gram-negative bacteria, such as Escherichia coli, are infused
into

animals

in

massive doses.

The massive

infusion

of

bacteria into animals is quite unlike the low and variable
quantities

of

bacteria

released

into

the

circulation of

patients with gram-negative sepsis. Septic patients

rather

harbor a septic focus which intermittently showers the body
with

bacteria{62).

Another bacterial

model

is

the

cecal

ligation and puncture perforation{CLP) developed by Wichterman
et al.(63).The advantage of the CLP model is its simplicity.
Difficulties in controlling the magnitude and the mortality
are its drawback.
Nakatani{64) in 1984 proposed a peritonitis model using
a defined bacteria inoculum which permits control over the
type and number of infecting bacteria. The rats are implanted
intraperitoneally with a pellet consisting of sterilized rat
feces,

agar, and a known number of Escherichia coli and/or

Bacteroides fragilis. This model results in body weight loss,
severe leukopenia, fever, increased lactate levels in blood,
blood glucose changes{64}, and protein degradation{6}. This
model results in the induction of a chronic or subacute septic
state of a graded severity which is somewhat similar to septic
state occurring in humans.

CHAPTER III

THE HYPOTHESIS/OBJECTIVES

The literature survey shows

that there are

few data

concerning intracellular pH change during the septic state.
Portoles et al. have measured pHi

in liver cells exposed to

endotoxin in vitro and found an endotoxin-induced decrease
pHi.

This

result,

changes in pHi

however,

can not be

taken to

in

indicate

in cells in intact animals with an endotoxic

or septic insult. The effect of endotoxin in vitro could be
due primarily to high concentrations of endotoxin used in the
in vitro study(8). Such high concentration of endotoxin(lOO
is not likely to be present during endotoxicosis in

mg/ml)

vivo. The findings of Rosoff et al.(57)

are in contrast to

those of Portoles et al. (8). They found that exposure of pre-B
lymphocytes to endotoxin increased both intracellular ca 2 +
and pHi.

Some other studies

between the

focusing

intracellular ca 2 +

on the relationship
have shown that

alterations in intracellular pH are associated with altered
ca 2 +
uptake

uptake by the cells(53,
is

known

to

occur

in
17

54).
the

An alteration in ca 2 +
skeletal

muscle

during

18

sepsis(33). Furthermore, the alteration in ca 2 +

uptake was

prevented when septic animals were treated with the ca 2 +
channel blocker, diltiazem.
The aforementioned findings support the concept that pHi
changes could occur with sepsis and that such changes could
plausibly be related to altered regulation of Cai.
This study addressed the following questions:
1) Is there a change in the intracellular pH in skeletal
muscle during intraabdominal sepsis?
2)

If there is a

skeletal

muscle,

could

significant change of pHi
it

be

potentially

alteration in intracellular calcium
To

ascertain

the

in the

related

to

an

regulation?

relationship

between

pHi

and

intracellular calcium regulation, this study assessed changes
in ca 2 +
diltiazem,

uptake by skeletal muscle.
was

then

used

to

The calcium blocker,

prevent

alteration

in

ca2+

regulation, as has been shown in previous studies(33, 36).

It

was hypothesized that calcium blocker treatment of septic rats
could

be

used

to

establish

a

link

between

altered

regulation and pHi in the skeletal muscle during sepsis.

ca 2 +

CHAPTER IV

MATERIALS AND METHODS

A. Animal model of sepsis

Male

Sprague

Dawley

rats(220-280g,

Harlan

Indianapolis, Ind.) were used in all experiments.

Inc.,

The rats

were acclimated for a minimum of 4 days in light-dark cycle,
and kept at an ambient temperature, 22°c. Rats were provided
with

Purina Rat Chow and water. Freshly collected rat feces

were ground in 0.9% sodium chloride saline to a semi-solid
consistency and then packed into 1 cm 3 pellets.
were autoclaved(30 min.,

120°C) and then

The pellets

impregnated with

Escherichia coli(SO - 100 CFU) and Bacteroides fraqilis(S x
103 - 1 X 104 CFU).
coated

with

1%

agar

The bacteria loaded pellets were then
and

used

for

septic

intraabdominal

implantation.
The

rats

were

intraperitoneally

anesthetized

with

pentobarbital(35 mg/kg), and placed in supine position.
abdomen was
alcohol.

The

shaved and disinfected with betadine and 70%

A 1. 5 cm lower midline incision was made, and either

a sterile or a bacteria-containing pellet was placed into the
right

lower

abdominal

cavity.
19

The

abdomen

was

closed

by

20
separately suturing the muscle and skin layers.

After the

operation, the animals were returned to the cages and allowed
The rectal temperature and

free access to chow and water.

survivability were determined prior to implantation(day O) and
from day 1 to day 4 post-implantation.
The use of two gram-negative organisms to produce sepsis
in rats was originally described by Nakatani et al. (64). They
reported that P0 2 in the pus of intra-abdominal abscess in the
rat

model

was

nearly

zero.

The

increased

replication

of

facultative Escherichia coli in the abscess is presumed to
cause the decrease in P0 2
Escherichia
condition

coli

and to result in an inhibition of

proliferation.

could

promote

the

The

resulted

growth

of

the

anaerobic
anaerobic

Bacteroides fragilis in the abscess (72). Furthermore, intraabdominal sepsis in humans is often caused by mixed infections
with Escherichia coli and enterococcus as well as anaerobic
organisms
varium

such

(70,71).

as

Bacteroides

fragilis

and

Fusobacterium

Several intra-abdominal peritonitis animal

models with mixed infections have been developed.
these models use colonic

Many of

content as the inoculum. Although

these inocula contain normal mixed flora(63),

it is usually

difficult to control the strains and numbers of bacteria in
the inocula.

B. The uptake of 14 c-benzoic

acid(BA)

The measurement of the distribution of the labeled weak

21
acid,

benzoic

extracellular

acid,

between

compartments

was

the
used

intracellular pH. This method has been

intracellular

and

to

the

estimate

used in a variety of

cell systems ( 67) • The procedures used in this study is similar
to that used by L'Allemain(41) and others(45, 68, 69).
The epitrochlearis muscles of rats were isolated at day
2 after the implantation and placed on stainless steel holders
to

maintain

them

at

resting

lengths.

The

muscles

were

preincubated for 30 minutes at 37°c in 2 ml oxygenated(95%o 2 5%C02) Krebs-Ringer bicarbonate(KRB) buffer, containing 1 mM
cacl 2 and 5 mM glucose. The medium pH was adjusted at 7.40.
Muscles were then incubated for varying times in fresh KRB
medium(2 ml) at the same temperature and pH, containing 2 1.l Ci
of 14 c-benzoic
collected

and

acid (BA) .
counted

to

A 20 1.l l aliquot of the medium was
determine

activity after the incubation.

the

14c-BA

After incubation,

specific
the muscles

were removed from the medium, and slightly blotted with filter
paper to remove the water adherent to the muscle surface.
wet weight of the muscles were measured.
digested overnight in the

The

The muscles were

tissue solubilizer TS-l(Research

Products International) and the BA radioactivity was measured
in a liquid scintillator counter.

Tissue radioactivity was

converted into BA contents(nmol) after dividing by medium BA
specific activity (dpm/nmol).

c.

Estimation of extracellular water and intracellular water

22

Extracellular

water

was

determined

epitrochlearis muscle uptake of 3H-inulin.

by

measuring

The experiments to

determine the muscle uptake were carried out separately, but
similarly to those of muscle BA uptake.
radioactivity of 3 H-inulin was l

.I(

The medium specific

Ci/ml.

To determine dry

weights, muscles were incubated in a vacuum oven for 16 hours
at

gs 0 c.

muscle

Total tissue water(ml/g) was calculated for each
from

its

wet

extracellular ( inulin)

weight

to

dry

weight

ratio.

The

space was calculated using following

equation:

ECW(ml/g)

=

Inulin DPM/g wet weight
Inulin DPM/ml medium

The intracellular water was calculated as the difference
between the total tissue water and the extracellular water.

D. Calculation of intracellular pHCpHil
The intracellular pH was calculated with the equation
used by L'Allemain(41).

(1)

where B0

is specific radioactivity of benzoic acid in the

external medium, Bi(dpm/ml) is the intracellular benzoic acid
radioactivity.

pH 0 is the pH in the external medium(7.40).
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The calculation of Bi depends upon two assumptions:
(1)

The radioactivity of BA in the muscle

is that

distributed in the extracellular water(ECW) and intracellular
water(ICW), and not bound to tissues.
(2)

The

specific

radioactivity

of

BA

in

the

extracellular water is equal to that of the external medium.

Therefore :
BA radioactivity in ECW of the muscle(dpm)
=muscle weight(g) X ECW(ml/g) X B0 (dpm/ml)

(2)

BA radioactivity in ICW of the muscle(dpm)
= radioactivity of the muscle(dpm) radioactivity in ECW(dpm)

(3)

Bi(dpm/ml) =Radioactivity in ICW of muscleCdpm)

(4)

Muscle weight(g) X ICW (ml/g)

E. Measurement of pHi with "warm ischemia"
To test whether or not the BA uptake by muscle indeed
assessed alterations in intracellular pH, pHi

assessments by

this method were carried out in muscles of rats subjected to
"warm ischemia" --a condition which is known to affect pHi. To
produce ischemia in the muscles,
left

at

room

temperature

for

rats were decapitated and
one

hour

before

the

24
epitrochlearis muscles were removed

for assessment of the

ischemic effect on muscles. Muscles removed immediately after
the decapitation of rats

F. 45ca2+

were used as nonischemic controls.

uptake experiments

The method used for 45ca2+
described

by

Westfall

and

uptake is similar to that

Sayeed(33).

The

muscles

were

preincubated in a metabolic shaker bath(37°C) for 30 min. in
2

ml

of

oxygenated(95%

bicarbonate(KRB)

o2

containing 1

Krebs-RingermM

cacl 2

and 5

mM

glucose.

Muscles were then incubated at 37°c and pH 7.40 in 2.0 ml of
the oxygenated KRB containing 1 mM cacl 2 , 5 mM glucose, and 2
l(.

Ci

45ca-cacl 2 (Amersham) . A 20

collected

to

determine

extracellular ca 2 +
additional

60 min.

l(.

4 5 ca2+

l aliquot of the medium was
specific

activity.

The

was removed by incubating muscles for an
in

2.0 ml

solution at pH 7.40,

which

contained 134 mM NaC1 2 , 4.0 mM KCl, 1.0 mM MgC1 2 , 20 mM HEPES,
5 mM glucose, and 2 mM LaC1 3 .
were

After

incubation, the muscles

blotted with filter paper, and then the wet weight was

measured.
solubilizer

The muscles were digested overnight by tissue
(Research Products International)

at

ss 0 c,

and

then the radioactivity was measured in a liquid scintillator
counter(LKB 1209 Rackbeta).

Calcium uptake was calculated

with the following equations:
45ca2+

Specific activity

=

DPM/ml medium
NMOL ca 2 +;ml medium
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ca 2 +

uptake

=

DPM/q wet weight
45ca2+ specific activity

G. Diltiazem treatment of rats
Diltiazem(2.0

mg/Kg

in

saline)

was

injected

intraperitoneally 8 hours after the implantation of pellets
into rats. The effects of diltiazem on 45ca2+
14 c-benzoic

uptake and

acid uptake were measured with the same methods

as described above.

H. Statistics
The results of change in body temperature(Fig.

1) and

benzoic acid uptake by septic and sterile rat muscles(Fig. 2,
table 3) were analyzed with 2-way ANOVA and post-hoc NewmanKeuls tests. The results of effects of diltiazem on 45 ca2+
uptake(Fig. 3) and benzoic acid uptake(Fig. 4) were analyzed
with

one-way

ANOVA

and

post-hoc

Newman-Keuls

tests.

The

results of change of intracellular pH(table 4, table 6), BA
uptake by ischemic and nonischemic rat muscles(table 6), and
water content change of the muscles(table 2, table 5) were
analyzed with independent 2-tailed Student's T tests.

Chi-

square test was used to analyze the mortality rate(table 1).
P < 0.05 was considered statistically significant.
All results are expressed as mean

±

SEM.

CHAP'I'ER V

RESULTS

A. Body temperature and mortality
The rats regained consciousness three hours after they
were implantated with pellets with or without Escherichia coli
and Bacteroides fragilis. On day 1 after the operation, septic
animals were weak and lethargic.
some

septic rats

around both eyes,

In the later part of day 1,

exhibited piloerection

bloody exudate

and decreased sensitivity to

mechanical stimulation.

sound and

Diarrhea was noticed usually before

the death of the septic rats.

Body temperature increased on

day 1 in both septic and sterile rats(Fig. 1). The increase in
body

temperature

different

from

in

that

septic

rats

occurring

in

was
the

not

significantly

sterile

rats.

For

sterile rats the body temperature began to drop back toward
the normal range by the end of the first twenty-four hours.
The mortality in septic rats was 25% by day 1 and 56% by day
2. No sterile-implanted rats died during the whole observation
period of the experiment. In septic rats, the body temperature
increased

on

day

2

from

that

found

on

day

l;

it

was

significantly higher than in sterile-implanted rats(Fig. 1).
26
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On day 3, the body temperature dropped back to normal levels
in the septic rats. No deaths occurred in septic rats after on
day 4 (table 1).
Table 1
Mortality Rate in Rats After Sterile- and Septic*Implantations

o

Groups

Day

Day 1

Day 2

Sterile

0/7(0%)

0/7(0%)

Septic

0/16(0%)

4/16(25%)

0/7(0%)**

9/16(56%)

Day 3

Day 4

0/7(0%)**

0/7(0%)**

10/16(62%) 10/16(62%)

* Septic-implanted rats recieved pellets impregnated with
Escherichia coli and Bacteroides fragilis.
** P <0.05 compared with septic groups.

B.

BA uptake and pHi

changes in septic and sterile rat

muscles
The time course of the benzoic acid uptake by septic and
sterile rat muscles is shown in Fig. 2 and table 3.
the early phase of incubation ( 5 -

10 min. ) ,

During

there was no

significant difference between the sepsis and sterile groups.
Significant differences were found in benzoic acid(BA) uptake
between sepsis and sterile groups at 15 min. after incubation;
BA uptake in septic rat muscles was lower

compared to the

sterile rat muscle {P< 0.05). As incubation time increased,
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Table 2
Water Contents of Sterile- and Septic-implanted Rat Muscles
ICW

Group

TTW

ECW

Sterile

0.800 ± 0.013
{N = 8)

0.250 ± 0.002
{N = 8)

0.550 ± 0.013
{N = 8)

Septic

0.799 ± 0.012*
{N = 8)

0.249 ± 0.002*
{N = 8)

0.550 ± 0.012*
{N = 8)

The incubation time is 90 minutes.
N = numbers of muscles.
Water content is expressed as mean ± SEM{ml/gram wet weight).
* P > 0.05 compared to the corresponding group.

31
Table 3
Benzoic Acid Uptake by Epitrochlearis Muscles
in Sterile and Septic Rats
Sterileb

Septic

5

17.54 ± 0.89
(N = 5)

17.45 ± 0.99
(N = 5)

10

19.19 + 1. 33
(N = 4)

18.72 + 0.87
(N = 4)

15

21. 81 ± 2.20
(N = 6)

20.02 + 0.59*
(N = 6)

25

23.31 ± 0.77
(N = 5)

20.72 + 2.0**
(N = 5)

Incubation timea

60

25.03 ± 1.25
(N = 6)

22.93 + 1. 70**
(N = 8)

120

25.52 ± 0.99
(N = 5)

22.72 + 1. 62**
(N = 6)

a Incubation time is expressed as minutes.
b Uptake is expressed as nanomole per gram of wet muscle.
* P < 0.05 compared to the corresponding sterile group.
** P < 0.01 compared to the corresponding sterile group.
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Table 4
Intracellular pH in the Skeletal Muscle of sterileand Septic-implanted Rats
Group

N

Intracellular pH

Sterile

6

7.40 + 0.01

Septic

8

7.33 + 0.02*

*

P < 0.05 compared to the sterile group.

N = numbers of muscles; values are mean ± SEM.
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larger differences were found in the uptake of benzoic acid.
Significant differences(P< 0.01) between sepsis and sterile
groups were found at 60 and 120 min..

Within the sterile

groups, the differences at 60 minute and at 120 minute were
not significant

(P>O. 05).

Also,

there were no significant

differences between the 60 and 120 minute uptake values in the
septic group(P>0.05).

Therefore, at 60 minute, the uptake of

benzoic acid by both septic and sterile muscles appeared to be
in an equilibrium state.
Table 2 shows the water contents of sterile and septic
rat epi trochlearis muscles.
rat muscle was 0.800
in

the

septic

difference

rat

±

The total tissue water of sterile

0.005 (ml/gm) and 0.799

muscles.

between

these

There
groups

is

±

0.004(ml/gm)

no

significant

( P>O. 05) •

extracellular water and intracellular water,

As

for

there were no

significant differences between the septic and sterile rat
muscles(P>0.05).
The

intracellular pH in epitrochlearis muscle,

after

equilibrium BA uptake at 60 minute, is shown in table 4. With
the same external medium pH(7.40),

the intracellular pH of

septic rat muscle(7.33 ± 0.02) was significantly lower than
the

intracellular

pH

in

the

sterile

muscle(7.40

± 0.01,

P<O. 05) •

c.

Benzoic acid uptake and pHi

subjected to "warm ischemia"

in the skeletal muscle of rats
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Table 5 shows water contents of epitrochlearis muscles
removed from rats before and after a 60 min. period of warm
ischemia.

The

results

of

the

BA

uptake

by

ischemic

and

nonischemic muscles, and calculated pHi values are shown in
table 6. A significant change in BA uptake and intracellular
pH occurred after a 60 min.

Previous

of "warm ischemia".

studies reported a significant decrease in pHi under hypoxic
and/or

ischemic

responsible

for

conditions{9,
the

5,

3,

ischemia-related

32).

The

decrease

mechanism
in

pHi

is

increased anaerobic metabolism{l2).

D. Effect of diltiazem on 45ca2+

uptake and benzoic acid

uptake
Fig.3 shows 45ca2+

uptake by epitrochlearis muscles of

sterile and septic rats. The muscle incubation time was 25
minutes. As can be seen, there was a significant increase in
45 ca2+

uptake of the septic rat epitrochlearis muscle

(800.5 + 90.68 nmol/g wet wt.) compared to that of sterile
muscles

( 592. 07 ± 70. 88

nmol/g wet wt.) .

In septic rat

muscle, after an intraperitoneal injection of diltiazem (2.0
mg/Kg) 8 hours after implantation, the 45ca 2 +

uptake

was

lower than in the untreated septic rats(P<0.01). In contrast,
the 45ca2+
muscles
different

uptake{586.90

with

diltiazem

±

77.00 nmol/g wet wt.) by sterile

treatment

sterile

than

treatment(592.07

±

was

muscles

70.90 nmol/g wet wt.,

not

significantly

without

diltiazem

P >0.05). The effect
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Table 5
Water Contents of Rat Epitrochlearis Muscles before and after
a Period of Warm Ischemia
Group

TTW

ECW

ICW

Nonischemic

0.806 + 0.004
(N = 6)

0.250 ± 0.002
(N = 6)

0.551 ± 0.014
(N = 6)

Ischemic

0.801 ± 0.002*
(N = 6)

0.250 ± 0.004*
(N = 6)

0.552 ± 0.006*
(N = 6)

TTW = total tissue water.
ECW = extracellular water.
ICW = intracellular water.
* P > 0.05 compared to the corresponding group.
Values are mean ± SEM, and have units of ml/gram wet weight.
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Table 6
Effect of Warm Ischemia on pHi

and BA Uptake

in the Skeletal Muscle
Group

N

Is chemic

12

Nonischemic

12

N

=

BA uptake(nmol/g wet wt.) **

±

pHi

0.32*

7.31 + 0.01*

24.46 + 0.30

7.39 + 0.01

21.56

numbers of muscles; values are mean

±

SEM

* P < 0.01 compared to the nonischemic group.
** measured after 60 min. incubation of muscles.
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of diltiazem on 14c - BA uptake in epitrochlearis muscle is
shown in Fig.4. The muscle incubation time was the same as for
4 5 ca 2 + uptake experiment(25 minute) .With diltiazem treatment,
there was no significant difference in BA uptake of the septic
group(2.0 mg/Kg) compared to the untreated septic group (21.50

± o.ao nmol/g wet wt.

vs. 20.72 ± 2.0 nmol/g wet wt., P>

0.05). BA uptake in the diltiazem-treated sterile group was
also not significantly different from that in the untreated
sterile group(23.55 ± 0.76 nmol/g wet wt. vs. 23.31 ± 0.76
nmol/g wet wt., P > 0.05).
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Previous investigators have measured benzoic acid (BA)
uptake by cultured cells to assess intracellular pH(41, 45,
67'

68) •

Benzoic acid is a weak acid with a pKa value of
The

4.2(41).

intracellular

to

extracellular

proton

concentration gradient determines the distribution ratio of
the uncharged benzoic acid across the plasma membrane.
present

experiments,

we

epi trochlearis muscle.

studied

BA

uptake

In the
by

the

This is a thin muscle and is thus

presumed to allow a rapid and a near-complete equilibration of
BA across the cells.

Nesher et al. (73, 74) reported that the

epitrochlearis muscle is composed of approximately 10 - 15 %
slow - twitch red, 20% fast-twitch red, and 65% fast-twitch
white muscle fibers.
The

time

course

of

benzoic

epitrochlearis

muscle

represents

acid

uptake

uptake

into

by

rat

both

the

interstitial and intracellular compartments. The uptake into
the interstitial compartment in all probability occurs during
the initial phase of muscle incubation. On the other hand,
transport of benzoic acid through the sarcolemma into the
intracellular compartment is a slower process and therefore
would

contribute

to

uptake

during

the

later

period

of

incubation. The time course of benzoic acid uptake by septic
and nonseptic muscles showed no difference during the initial
phase. This may be due to lack of effect of the septic injury
process

on

the

initial

uptake

of

benzoic

acid

into

the

interstitial compartment. The decreased level of uptake of
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benzoic acid during the later incubation periods(beyond 10
minutes)

in septic muscle(Fig. 2, table 3)

may be due to a

decrease in intracellular space or to a decreased uptake into
intracellular compartment. Since this study showed an absence
of a change in the tissue intracellular space with septic
injury(table 2),

the observed decrease

in the septic rat

muscles is likely due to a decrease in the uptake into the
intracellular compartment in accordance with the extra to
intracellular proton concentration gradients in these muscles.
The calculation of intracellular pH based on the benzoic
acid distribution ratio shows a lower intracellular pH in
septic rat muscles than the sterile rat muscles under the same
external pH. This finding is similar to that of Portoles et
al.(8)

who found the intracellular pH of Escherichia coli

endotoxin-treated
hepatocytes.

hepatocytes

to

be

lower

than

control

In contrast to these findings, Rosoff et al. ( 57)

found increased pHi of the pre-B lymphocytes(cell line 70Z/3)
after they were

incubated with a

low dose

of endotoxin.

England and Mitch et al.(45) also used the 14c-benzoic
method to measure the intracellular pH in BC 3 H1

acid

cells which

have the characteristics of the skeletal muscle cells. They
found

that

when

intracellular

pH

they
also

lowered

the

decreased.

extracellular
In

BC 3 H1

pH,

the

cells,

the

degradation of proteins was increased and the synthesis was
decreased when the extracellular pH was lowered.
decreased

intracellular

pH

may

contribute

to

Therefore
deranged
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intracellular metabolism of proteins.
The increased ca2+ uptake by epitrochlearis muscles from
septic rats compared to sterile rat muscles(Fig. 3) suggested
an enhancement of ca2+
movement

soleus

in

bacteremic shock(33).

The altered ca 2 +

flux during sepsis.
muscle

has

also

been

The increased ca2+
ca 2 +

to increased mobilization of

shown

during

flux could be due

from the intracellular

store. After the intraperitoneal injection of diltiazem into
rat, the increased ca2+

flux

in septic epitrochlearis muscle

was restored to the control level.
of ca2+

This confirms the effect

channel blocker in preventing the increased ca 2 +

flux in skeletal muscle

during septic state as was shown by

Sayeed and Westfall (33, 65). Diltiazem did not affect 45ca2+
uptake by the muscles from sterile-implanted rats -- which may
reflect different sensitivities of calcium channels in septic
and sterile states

to this calcium channel blocker. Previous

studies have presented evidence that ca 2 + blockers protected
cardiac

tissue

against

injury

only

when

the

tissue

was

depolarized and thus sensitive to calcium blockers(38). The
observed calcium blocker efficacy in septic-implanted rat
skeletal muscle could also be related to the depolarized state
of the skeletal muscle during sepsis (50). The insensitivity of
sterile-implanted rat muscle to diltiazem may be due to an
absence

of

experiment,

depolarization

in

this

state.

In

BA

uptake

the dose of diltiazem which blocked the increase

in ca 2 + uptake,

did not have a

significant effect on BA
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uptake. This suggests the ca2+ channel blocker do not have an
effect on the proton concentration gradient in the septic rat
muscles. Also, there was no significant effect of diltiazem on
BA uptake by sterile rat muscle. Previous data have
that diltiazem administered to bacteremic
bacteremia-induced
transport (77).

changes

in

skeletal

shown

rats prevented
muscle

glucose

Another report (66) has shown that the calcium

channel blockers, verapamil and nimodipine, may correct the
decreased extracellular pH

in ischemic rat brains without

altering cerebral blood flow suggesting a metabolic rather
than a hemodynamic effect of the calcium channel blockers.
Rosoff et al. (57) suggested increased intracellular ca 2+ may
stimulate the Na+ /H+

exchange antiport

system,

and may

increase the pHi. Insulin may also increase pHi by stimulating
the Na+;H+

exchange system (40).

Taking these findings into

consideration, the altered intracellular pH in septic skeletal
muscle may be due to increased intracellular proton production
and/or

damaged

exchange

system

under

the

pathophysiological condition. The pHi change may be related to
deranged protein metabolism(44, 45, 46).

CHAPTER VII

CONCLUSIONS

1)

The rat intraabdominal sepsis model

is a suitable

animal model for the studies of the pathogenesis of sepsis.
2) Intraabdominal sepsis causes skeletal muscle metabolic
changes,

such

as

a

decrease

in

intracellular

pH

and

an

increase in calcium uptake.
3)
blocker,

Treatment

of

the

septic

rats

by calcium

channel

diltiazem, prevents the change in skeletal muscle

calcium uptake but not the change in intracellular pH.
4) Although both increased calcium uptake and decreased
intracellular pH may be related to sepsis-induced disturbance
in protein metabolism,

they appear to produce this effect

independently.
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